Abstract Using seismic data of the aftershocks sequence of the Lushan earthquake recorded by seismic temporary and permanent stations in the source region, with the visual inspection of particle motion diagrams, this paper preliminarily contains the polarization directions of fast shear wave and the time-delays of split shear waves at every station, and analyzes the crustal anisotropic characteristics in the source region. In the study area, the polarization directions at stations BAX, TQU, L132, L133, L134, and L135 are northeast, which is consistent with the strike of DachuanShuangshi fault. There are two polarization directions at MDS and L131, which are northeast and southeast. The scatter of polarization directions suggests the complex stress field around these two stations where two faults intersect. For the normalized time-delays at every station, the range is 1.02-8.64 ms/km. The largest time-delay is from L134 which is closest to the mainshock, and the smallest one is from L133. The variations in time-delays show the decreasing at stations BAX, L134, and L135 because of the stress-relaxation after earthquake.
Introduction
The M s 7.0 Lushan earthquake on April 20, 2013 was another strong earthquake after the 2008 Wenchuan M s 8.0 earthquake on the Longmenshan faults at the eastern margin of the Tibetan Plateau, which resulted in many casualties and injuries. The epicenter of the Lushan earthquake was located at the south segment of Longmenshan fault. The depth of Lushan mainshock was 20 km, and the aftershocks occurred along the Dachuan-Shuangshi fault which was located at the southwestern end of the front range fault in the Longmenshan fault zone .
Several geophysical methods have been used to monitor the seismic activity and study the geophysical background of the Lushan earthquake, which has provided a wealth of results on Lushan earthquake happening. The study on the deformation of the crust and LAB (lithosphere-asthenosphere boundary) beneath the Lushan earthquake indicates that there is strong deformation beneath the transition region from the Tibetan Plateau to Sichuan basin, which may imply the accumulation of high stresses (Shen 2013) . The results of rupture process show that this earthquake is an M w 6.7 thrusting event with 159 cm largest slip. The earthquake rupture of this event occurred on the south segment of Longmenshan fault which shows increase of Coulomb stress caused by the Wenchuan earthquake . One view is that Lushan earthquake may be triggered by the Wenchuan earthquake, which can be considered as a delayed aftershock of Wenchuan earthquake. The rupturing process show that the rupture of the earthquake did not break through the ground surface, and the disaster is concentrated on the hanging wall of the fault . The focal parameter determined by the distribution of sequences and regional stress field shows that the strike of the fault earthquake happened is 207° (Lv et al. 2013) . Chi et al. (2013) argued that the strain anomalies of April 16-19 reflected the strata creeping before the rupturing of the Lushan earthquake generating fault. To get a more comprehensive and profound understanding of the anisotropic distribution in Lushan area, we use shear wave splitting to monitor seismic activity and evaluate the stress changes associated with the earthquake happening. In this paper, we show the behavior of stress field in the source region determined by the shear wave splitting.
Shear wave splitting (SWS), analogous to optical birefringence, caused by the azimuthal anisotropy of stressaligned fluid-filled microcracks and aligned pore spaces, is observed for propagation through almost all sedimentary, igneous, and metamorphic rocks in the crust (Crampin 1994; Peacock 2005, 2008; Crampin and Gao 2006) . Changes in SWS monitor stress-induced changes to the fluid-saturated stress-aligned microcracks pervading almost all rocks in the Earth's crust . The microcracks are very sensitive to changes of stress and the microcrack geometry responds to even low-level changes of tectonic stress by modifying microcrack aspect ratios. Observation of SWS at the surface indicates that the polarization direction of the fast shear wave is generally parallel to the local direction of maximum horizontal stress in the crust (Crampin 1999a) . The stress changes in the crust can be monitored by measuring time-delays between split shear waves along suitable ray paths (Crampin 1999b) . Using persistent swarms of small earthquakes as the source of shear waves, characteristic patterns of variations of SWS time-delays have been recognized, retrospectively, before 15 earthquakes worldwide ranging in magnitude from a M1.7 swarm event in Iceland to the 2004 M9.2 Sumatra-Andaman earthquake in Indonesia (Crampin and Gao 2012) . The recent studies also suggest that there is a close relationship between the characteristics of SWS and the nature of the fault. Therefore, the SWS can be used to study the local crustal anisotropy, stress field, and the fracture properties (Peng and Ben-Zion 2004; Shi et al. 2006; Wu et al. 2007 ).
Data and method

Seismic activity
After the occurrence of the Lushan earthquake, the aftershock sequence developed, and the number of aftershock is above 5,000 until the end of April. To monitor the seismic activity, China Earthquake Administration placed 15 temporary seismic stations in the source region to record thousands of aftershocks. We use different colors to show the different earthquakes from April 20 to May 2 (Fig. 1) . The most aftershocks occurred along the Dachuan-Shuangshi fault which situates at the southwestern end of the front range fault in the Longmenshan fault zone.
The magnitudes of most aftershocks are between 1.0 and 3.0 with the largest one being M s 5.7 earthquake in April 20. In the spatial distribution of aftershocks, the aftershocks distributed widely and much more concentrated in the southwest of mainshock, which indicates that the aftershocks expanded in the southwest direction (Fig. 1) . The relocation of the aftershocks suggests that the extension is predominated in southwestward direction about 23 km but is the weak in the northeastward direction around 12 km, which is not a simple unilateral rupture ).
Method
The purpose of SWS is to separate the fast and slow shear wave from the seismic data. There are two parameters of SWS, polarization directions and time-delays. A variety of techniques have been developed to measure the polarization directions and time-delays of seismic SWS. Visual inspection of particle motion diagrams is subjective but is probably most accurate (Crampin and Gao 2006) . In this paper, we analyze the particle motion diagrams to get the parameters of SWS. All shear wave arrivals within the shear wave window show abrupt changes in direction of particle motion strongly diagnostic of some form of anisotropy-induced SWS. We cannot accurately judge the shear wave arrivals because of the complexity of the shear wave. We choose 20 sample points before and 40 sample points after possible shear wave arrivals in three 20-sample polarization diagrams (Fig. 2) . The polarization directions of shear waves up to the first abrupt change of direction are assumed to be the polarization directions of the fast split shear wave. The arrivals of slow shear waves were also characterized by the abrupt changes in the direction of the polarization diagrams. In most records, however, the arrivals of shear wave could not be picked up accurately, because of the disturbance by other P generated.
In this study area, several temporary and permanent seismic stations recorded over 5,000 earthquake catalogs until the end of May 2 at a sampling rate of 100 sps (Fig. 1) . Using SWS to study the crustal anisotropy, the quality of observational seismic data must be high relatively. First, we should choose the seismic data within the effective shear wave window (SWW). The three-component waveforms of shear waves recorded at a free-surface are similar to the incidence waveforms only within SWW.
Then, the signal-to-noise ratio of the data should be large relatively. To eliminate the effects of severe shallow irregularities, especially surface low velocity layer, we choose the earthquakes within SWW of 45°with signal-tonoise ratios S/N [8.0. Only 3 permanent stations (BAX, MDS, and TQU) and 5 temporary stations (L131, L132, L133, L134, and L135) recorded numbers of seismic events within SWW (Table 1) .
After data choosing and SWS computing, we get 467 results of SWS parameters using the data from 8 seismic stations in the source region. These parameters are different at different stations, which reveals the changes of the crack geometry and the characteristics of the stress distribution. Then, we will discuss the characteristics of the SWS parameters in the source region of Lushan earthquake. DD is the duration of the seismic data; N is the number of earthquake events within SWW; u is the mean polarization directions of the fast shear wave; Du is the standard error of the polarization directions; dt is the range of time-delays at every station; Adt is the average value of timedelays at every station; Ddt is the standard error of time-delays at every station Earthq Sci (2013) 26(3-4):223-228 225
Results of polarization directions
By the analysis of SWS at the 8 seismic stations in the source region, we get the polarization directions at every seismic station, which is in good consistency with minimal scatter (Fig. 3) . The homolographic projection rose diagrams of the polarizations suggest that the polarization directions of the fast shear wave are obvious, although several stations show complex polarization directions. For example, there are two polarization directions at station MDS. Table 1 shows the values and the errors of the SWS parameters at every station. Although at station L133 there are only two polarizations results with small error, the polarization directions are the same as that of other stations, which confirms the reliability of the results further. From the polarization directions of the stations around the Dachuan-shuangshi fault (Fig. 4) , the spatial distribution of the regional stress direction is revealed. In the northern part of the study area, station L133 shows northeast polarization direction, which is consistent with the strike of fault. Although stations BAX, L135 and stations L134, L132 are located on the both sides of the fault, the polarization directions at these four seismic stations are in northeast direction with one accord. In the southern part, the polarization directions of fast waves show some scatter at station TQU and station L131, MDS in both sides of the fault. TQU show northeast direction in polarizations. But there are two polarization directions in L131 and MDS, which are northeast and southeast.
The polarization directions of the faster split shear waves are typically parallel to the strike of microcracks and parallel to the direction of the maximum horizontal compressional stress (Crampin 1994; Peacock 2005, 2008; Gao et al. 2011) . This is because microcracks open normal to the direction of minimum compressional stress, which is typically horizontal, so microcracks are usually aligned vertically parallel to the direction of maximum horizontal stress (Crampin 1999a) . Therefore, in the study area, the maximum horizontal compressional stress is in the northeast direction. The strike of Dachuan-shuangshi fault is northeast, which is in agreement with the polarization directions of fast shear waves.
The northeast direction in the regional stress field has been retrospectively observed in the southern segment of Fig. 3 The homolographic projection rose diagrams of the polarization directions of the fast shear wave splitting at 8 seismic stations Fig. 4 The distribution of the homolographic projection rose diagrams at stations in the study area; The blue results are from the stations of the regional permanent seismic network; the red results are from the temporary seismic stations. The green stations and the shadows are from the results of Wenchuan earthquake (Shi et al. 2009) Longmenshan fault in other geophysical studies. The strike of the Longmenshan fault is in northeast direction, which is the same as the direction of the stress field. Comparing the results of seismic anisotropy of Wenchuan earthquake sequence, there are some differences in polarization directions between these two earthquakes (Fig. 4) (Shi et al. 2009; Gao et al. 2013 ). L106 shows northeast and northwest polarization directions, and L105 shows nearly north polarization direction which is the same as that at L132. There is only one result at station L5503, which is nearly E-W direction. Although L5503 is close to BAX, the polarization directions are different at those two stations. At station MDS, there are two polarization directions in our results, northeast and southeast, which is in good agreement with the results from Wenchuan earthquake Gao et al. 2013) . The polarization directions of fast shear wave are determined by the microcracks in the crust which are sensitive to the stress. Lushan earthquake is a thrusting event, and Wenchuan earthquake is a thrusting event with strike-slip component ). Furthermore, the epicenter distance of these two earthquakes is 90 km, and there is a rupture blank zone of 60 km in length between the two earthquakes , so the results of polarization directions in these two earthquakes are driven by the regional stress with different characteristics.
Variations of time-delays between split shear waves
The time-delay between split shear waves is a quantity of the anisotropic degree. To compare and analyze the variations of time-delays, we normalized the time-delays using the length of ray path between the station and the source (Liu et al. 2012) . The time-delays in our study area are in the range of 1.02-8.64 ms/km (Table 1) , and the average value is 3.89 ms/km with the standard error 1.23 ms/km. The largest time-delay is from L134 which is closest to the mainshock, and the smallest one is from L133. There is some scatter in the results of time-delays. However, the large scatter (''±80 %'') typically also observed in SWS time-delays from other small earthquakes, is attributed to the critically high pore-fluid pressures on all seismically active fault planes (Crampin 1999a, b; Crampin et al. 2004) .
To analyze the temporal variations of time-delays, we choose the results at stations BAX, L134, and L135 because of a great many earthquakes within SWW (Fig. 5) . From the results of 9-point moving average, there are some variations in time-delays. The time-delays show a significant decreasing after the main shock until the end of April 23 at station BAX. From April 24 to May 1, there is a hardly noticeable decreasing in time-delay. At stations L134 and L135, the time-delays reveal a decreasing from April 22 as a whole. Similar decreasing in time-delays has also been observed after Wenchuan earthquake (Ding et al. 2008) , and other earthquakes in the world (Crampin et al. 1990; Gao 2005, 2012; Gao et al. 1998; Gao and Crampin 2004) , showing that the behavior of stress is very similar after earthquakes. Time-delays are sensitive to crack aspect rations and hence stress change. Here, the characteristic decreasing in time-delays is interpreted as stress-relaxation decreases as microcracks coalesce onto the eventual fault plane for earthquakes.
Conclusions
We got the results of SWS from the seismic data recorded by the seismic permanent and temporary stations in the source region of Lushan earthquake. The SWS parameters are obtained by the method of visual inspection of particle motion diagrams. The polarization directions at stations BAX, TQU, L132, L133, L134, and L135 are northeast, which are consistent with the strike of Dachuan-Shuangshi fault. There are two polarization directions at stations MDS and L131, which are northeast and southeast. The scatter of polarization directions suggests the complex stress field around these two stations where two faults intersect. The polarization directions in our results are slightly different from that in Wenchuan earthquake, which reveals different characteristics of the regional stress field between these two earthquakes.
We also obtain the normalized time-delays at every station. The range of time-delays is 1.02-8.64 ms/km. The largest time-delay is from L134 which is closest to the mainshock, and the smallest one is from L133. We observed the decreasing in time-delays at stations BAX, L134, and L135 after the main shock because of the stressrelaxation after earthquake. By analyzing SWS around the source region of Lushan earthquake, we conclude that the observed distribution of polarization directions and the variations of time-delays reflect a fundamental anisotropic characteristic in the crust.
